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Abstract

An inert gas condensation technique has been used to prepare nanometer-sized particles of
metallic iron by evaporation and agglomeration in a flowing inert gas stream. The resulting Fe
nanoparticles were protected from complete oxidation either by the formation of a thin Fe-oxide
surface passivation layer or by immersion in an oil bath. X-ray diffraction and transmission elec-
tron microscopy measurements indicated that the nanoparticles were typically between 10 and 20
nm in size, that the thickness of the Fe-oxide surface passivation layer was between 3 and 4 nm,
and that the oil immersed samples exhibited a significant smaller volume fraction of Fe-oxides
than did the surface passivated samples. Room temperature magnetization measurements were
also carried out and the coercivity and saturation magnetization of the surface passivated and oil
immersed samples determined. Although the coercivities and saturation magnetization values of
both samples were very similar, the FefFe-oxide samples exhibited a single component hysteresis
loop while the Fe/oil samples exhibited a two component loop.

Introduction

Nanometer-sized Fe particles are pyrophoric and therefore must be protected from complete
oxidation if they are to be exposed to atmospheric oxygen. The most common passivation pro-
cedure has been to form an Fe-oxide surface layer by slowly exposing the as-prepare nanoparti-
cles to an oxygen containing environment.' Because the Fe-oxides are either antiferromagnetic
(FeO, a-Fe,03) or ferrimagnetic (y-Fe;0s, Fe30.),2 however, the physical and chemical proper-
ties of these Fe/Fe-oxide nanoparticles reflect not only the properties of the Fe core but the
properties of the passivation layer as well. For example, the hysteresis loops of these
nanoparticles have often been observed to be shifted with respect to zero applied field when field
cooled through the Néel temperature of the surface oxide due to an exchange coupling between
the ferromagnetic core and the antiferromagnetic (or ferrimagnetic) surface oxide.>

Greater insight into the effects of finite size on the magnetic properties of small Fe particles,
without the added complication of a core/shell exchange coupling, could be obtained by the
study of particles passivated by a non-magnetic surface layer. Several schemes for achieving

- this have been reported in the literature including, for example, various chemical and physical

methods for producing C, SiO, and Au coatings.*® An altemative approach involves immersing

- the Fe nanoparticles into an oil prior to their exposure to air. This procedure does not result in

the formation of a passivation layer per se, but does allow the Fejoil mixture to be handled in
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ambient air without significant oxidation. This approach not only has the advantage of simplic-
ity (no subsequent processing steps other than immersion are required) but also results in mini-
mal structural distortion of the nanoparticle surface.

The primary motivation for this work was to compare the structural and magnetic properties
of two sets of Fe nanoparticles that differed only in the manner in which they were protected
from oxidation. By comparing the magnetic properties of nanometer-sized Fe particles pas-
sivated with an Fe-oxide to those without a surface oxide (or at least a minimal amount of oxide)
our goal was to gain a better understanding of the conditions required for the study of homoge-
neous, ferromagnetic Fe nanoparticles.

Experimental

All of the Fe nanoparticles studied in this work were prepared by an inert gas condensation
(ICG) technique.” The procedure consisted of continuously feeding a high purity Fe wire toward
a resistively heated AL,0; coated W boat where it melted and evaporated. The resulting Fe vapor
was entrained and cooled in a flowing stream of He gas where individual Fe atoms coalesced
into small particles. These particles were deposited on a filter from which they were occasion-
ally dislodged and collected in a removable container mounted to the botiom of the vacuum
chamber. Fe/Fe-oxide nanoparticles were prepared by slowly exposing the collected Fe nanopar-
ticles to a reduced pressure of atmospheric oxygen. Fe/oil samples were prepared by filling the
collection container with vacuum pump oil and allowing the as-prepared Fe nanoparticles to set-
tle into the oil as they were collected. In the latter instance, the oil immersed nanoparticles were
subsequently filtered of excess oil to leave a thick Fe/oil residue.

The structure of both the Fe/Fe-oxide and Fe/oil samples was studied by x-ray diffraction
(XRD) and transmission electron microscopy (TEM). In the former case, diffraction patterns
were fit to a sum of two asymmetric Pearson VII functions representing the Cu K, and Cu Ko
components of the incident radiation. The resulting angular positions were used to obtain a best
fit estimate of the lattice parameter while the width of the Fe (110) diffraction peak was used, in
conjunction with the Scherrer formula, to estimate the mean particle size (after subtracting the
measured natural line width in quadrature). Transmission electron microscopy samples were
prepared by suspending a small quantity of the Fe nanoparticles in a volatile solvent, placing a
small droplet onto a TEM grid, and allowing the solvent to evaporate. Both low magnification
images and high magnification lattice images were obtained.

Magnetic properties measurements were carried out on disk shaped samples 4 mm in diame-
ter and approximately 0.5 mm in thickness. A vibrating sample magnetometer (VSM) was used
to measure the sample magnetization as a function of the applied field. The maximum applied
field was 11 kOe and the law of approach to saturation was used to extrapolate the high ficld
magnetization 1o its saturation value.®

The mass of the Fe nanoparticles in the Fe/oil samples was estimated based on the results of
a series of XRD measurements on Fe/oil samples prepared from known amounts of (bulk) Fe
powder mixed with the same oil used to protect the ICG prepared Fe samples. Fits to these data
allowed a plot of the ratio of the Fe (110) peak area to the sum of the areas of the Fe (110) peak
and the broad low angle oil scattering peak (see Fig. 1) as a function of the corresponding mass
ratio to be constructed. A linear fit to these data (constrained to contain the origin) determined
the proportionality constant between the peak arcas and the mass ratios. This proportionality
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Figure 1: XRD patterns of Fe/Fe-oxide (left) and Fe/oil (right) samples. The solid lines are best fits to the data
and the Miller indices of the metallic Fe phase have been indicated. The scattering peaks indicated by solid
arrows probably correspond to y-Fe;0; as discussed in the text and the broad scattering peak indicated by a
broken arrow in the Fe/oil sample arises from the oil.

constant was then used, in conjunction with the known total sample mass, to estimate the actual
mass of the Fe nanoparticles in the Fe/oil samples.

Results and Discussion

Figure 1 shows typical XRD scattering patterns of Fe/Fe-oxide and Fe/oil samples, as well as
the corresponding fits to the data. In both case the most intense scattering peaks arise from me-
tallic Fe (indicated by their Miller indices) while the less intense peaks (indicated by solid ar-
rows) probably arise from cubic y-Fe;O; although the cubic spinel Fe;O4 has a similar lattice pa-
rameter. The broad scattering peak centered at about 18 degrees (indicated by the broken arrow)
in the Fe/oil sample arises from the oil used to protect the Fe nanoparticles. The best fit Fe lat-
tice parameters of these two samples were a=0.28707(3 ) nm and a=0.28682(3) nm, respectively,
for the Fe/Fe-oxide and Fe/foil samples; both of these values are slightly larger than the reported
lattice parameter of bulk Fe (2=028664 nm) and may reflect some degree of oxygen incorpora-
tion into the Fe core.” Likewise, the effective lattice parameter of the y-Fe,0s phase was deter-
mined to be a=0.835(4) nm and a=0.834(4} nm, consistent with the previously reported value of
a=0.8346 nm (the lattice parameter of Fe;04 is a=0.8396 nm).'® The corresponding Fe diame-
ters of the Fe particle cores were D=10.8(3) nm and D=16.2 nm. Based on a comparison of the
area of the Fe (110) scattering peak to that of the most intense y-Fe;O; peak, the Fe/oil sample
contains between 4 and 5 times less Fe-oxide than does the Fe/Fe-oxide sample.

Figure 2 shows a high magnification TEM lattice image taken from the Fe/Fe-oxide sample
as well as a lower magnification image taken from an Fe/oil sample (higher magnification im-
ages were not taken because of the potential for contaminating the TEM sample space). For the
Fe/Fe-oxide sample, it can be seen that the oxide layer surrounding the Fe is approximately 3 - 4
nm thick, and is crystalline in nature. The mean particle sizes estimated from the TEM images
were in reasonable agreement with the corresponding values obtained from the Scherrer analysis
of the XRD peak widths.

Figure 3 shows the room temperature hysteresis loops for the Fe/Fe-oxide and Fe/oil sam-
ples. The hysteresis loop of the Fe/Fe-oxide sample is'characteristic of a single magnetic phase
and exhibits a coercivity of H.=529 Oe while the Fe/oil loop clearly exhibits two magnetic
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Figure 2: High resolution lattice image of Fe/Fe-oxide particie (left) and & low resolution image of Fe/oll
coated particles. The particles shown in these images are not representative of average sived particles. Note
the presence of the crystalline passivation layer surrounding the Fe core in the Fe/Fe-oxide image.
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Figure 3: Room temperature hysteresis loops of Fe/Fe-oxide (left) and Fe/oil (right) samples. The saturation
magnetization was determined based on an ™’ extrapolation of the measured high field magnetization using
the total measured sample mass in the case of the Fe/Fe-oxide sample and the corrected sample mass as de-
scribed in the text in the case of the Fe/oil sample.

components and a slightly larger coercivity of H.=549 Oe. The saturation magnetization of both
samples was estimated using the law of approach to saturation taking the first term in the field
dependent magnetization to be proportional to H- 2, Based on the total particle mass, this proce-
dure yielded a saturation magnetization of M,=57 emu/g for the Fe/Fe-oxide sample and M, =45
emu/g for the Fe/oil sample (after correcting the total sample mass for the oil contribution as de-
scribed above). Given the uncertainties in correcting for the oil mass in the Fe/oil samples, the
difference between the saturation magnetization values of the Fe/Fe-oxide and Fe/oil samples is
probably not significant. A more detailed analysis of the magnetization would require additional
information as to the amount, density, and specific magnetizations of the individual Fe-oxide and
Fe phases.

The Fe/oil samples contain less Fe-oxide per particle and one might have expected the mag-
netic properties of these particles to be less reflective of a two phase system (i.e. an Fe-oxide sur-
face layer and an Fe core) and more reflective of nanometer-sized ferromagnetic Fe.  Although
the magnetic data shown in Fig. 3b provides some support for this expectation in the form of a




two component hysteresis loop, the coercivity and saturation magnetization values indicate a
similar magnetic structure. In particular, the fact that the observed coercivity is significantly lar-
ger than the value H=0.64K,/M =177 Oe predicted by the simple Stoner-Wohlfarth magnetiza-
tion reversal model for a collection of randomly oriented single domain particles, assuming that
the magnetocrystalline anisotropy and saturation magnetization for a nanometer-sized Fe particle
assume their bulk values of K;~6 x 10* ergs/g and M~217 emulg," suggests that both sets of
samples are exchange coupled. Further evidence for an exchange coupled structure comes from
an estimate of the effective magnetic anisotropy based on the law of a?pmach to saturation. By
fitting high field plots of My(H) vs H”, or equivalently plots of y vs H”, very similar values of

K gfcubic)2.3 x 10° erglg or K punixialy=1 2 x 10°erglg were obtained for the Fe/Fe-oxide and
Fe/oil samples based on the assumption of either a cubic or a uniaxial anisotropy. Both values
are significantly larger than the (cubic) anisotropy of bulk Fe.

Summary and Conclusion

We have developed a process in which Fe nanoparticles are synthesjzed by an IGC technique
and protected from complete oxidation either by the formation of an Fe-oxide surface layer or by
immersion in an oil. The magnetic behavior of the Fe/Fe-oxide and Fe/oil nanoparticles pre-
pared in this way were then compared. Hysteresis loop measurements indicate that the presence
of the Fe-oxide surface layer results in an exchange coupling between the surface moments and
the moments of the entire Fe core in both samples, despite the significantly smaller amount of
Fe-oxide present in the Fe/oil samples.
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